We summarize recent findings and advances in cancer diagnostics in relation to extracellular vesicles (EVs) and emerging therapeutic options of nanomaterials. We revise the common mechanism for EV inception, vesiculation, through a physical model of the liquid mosaic membrane with laterally mobile membrane rafts that determine local spontaneous curvature. If such in-plane orientational ordering is present, we show that spatial non-homogeneities may trigger energetically favourable membrane
vesiculation. In addition, we revise a novel technique of cancer therapy using multifunctional titanium nanobeads (NBs) that form a fully biocompatible system used for optical imaging, magnetic resonance imaging and selective reactive oxygen species photogeneration. We study the encapsulation of these functional NBs theoretically with Monte Carlo (MC) simulations and find that the wrapping transition depends on the strength of mobile charges, giving insight into future functional optimization for maximum therapeutic benefit.
Introduction
The number of people living with a cancer diagnosis worldwide reached nearly 14.5 million in 2014 and is expected to rise to almost 19 million in 2024, urging the development of new diagnostic methods of suppressing, or even selectively killing, cancer cells in the human body [1e4] . With more than 100 distinct types of human cancer having been described, while subtypes of tumors can be found within specific organs, it is understood that cancer is a highly complex disease both in a spatial and temporal dimension [5] . With recent developments in the nanosciences, particularly in engineering and medicine at the scales of micro-or nanometers, extensive work has been devoted to chemical and biological methods involving specific molecules, pathways, reactions and particle binding. Although substantial progress has been made in particular cases, there is still no consensus on essential underlying mechanisms of tumor inception, growth and proliferation. However, cancer progression is almost always correlated to changes in cellular morphology, which hints at the fact that the role of physics, underlying these changes, should not be understated. There is evidence to believe that function precedes, even dictates, shape in many biological processes, both at the level of cells and molecules. An example of the former is the typical invagination of the embryo during gastrulation of the fruit fly, which takes place after the first cell differentiation [6] . At a molecular level, the functions of many proteins rely on their three dimensional shapes. For example, hemoglobin forms a cavity into which the protein heme, which binds to oxygen, comfortably sits [7] . Here morphological changes couple to electrostatic interactions and changes of the thermodynamic free energy, which are physical quantities. Although living systems are far too complex to be understood purely in physical terms, there is insight to be hand studying them theoretically through simplified models.
In this review, we present two recent key advances in cancer diagnostics and therapeutics and discuss respective physical models that sufficiently explain these phenomena on the scale of biological membranes. First, we look at evidence that cancer proliferation is substantially aided by the creation of extracellular vesicles (EVs) that pinch off the parent cell and are able to circulate freely to other parts of the organism. In regards to cell membrane composition, we present a possible mechanism of membrane fission (vesiculation) with in-plane ordering and topological defects that could underlie such processes.
Next, we discuss a recently reported nanoparticle therapy which integrates therapeutics with diagnostics e also known as theranostics e using multifunctional mesoporous gadolinium-doped TiO 2 nanobeads (Gd@ titania NBs) possessing a high degree of stability and biocompatibility. We will see that Gd@titania NBs form a fully biocompatible system for optical imaging (OI), magnetic resonance imaging (MRI) and selective ROS (anticancer agent) photo-generation inside the cancer cells, providing impressive multi-functionality and allowing for simultaneous OI-MRI and photodynamic therapy (PDT) without compromising the advantages of either component [8] . The endocytosis of these in cancerous cells NBs is evaluated with the aid of numerical (Monte Carlo) and experimental results, demonstrating that cellular internalization is directly linked to physical properties of cell membranes [9] .
Extracellular vesicles as diagnostic biomarkers for cancer
The growth and proliferation of cancer within the body is strongly dependent on a variety of mechanisms that take place at the cellular scales and below [4] . EVs are little buds pinched from the cell and ubiquitous in most bodily fluids [10, 11] including malignant ascites [12] , blood plasma [13] , saliva [14] and urine [15] , reflecting the composition of the parent cell, while also conveying matter and information between cells and taking part in spreading of inflammation, infection and tumors [3, 16] . EVs influence various physiological and pathological functions of both recipient and parent cells, having been found to transfer surface-bound ligands and receptors [17] , prion proteins [18] , genetic material including RNA [19] , and infectious particles between healthy and cancerous cells alike [10, 20, 21] . Their presence in biological fluids offers unprecedented, remote, and non-invasive access to crucial molecular information about the health status of cells, including their driver mutations, classifiers, molecular subtypes, therapeutic targets, and biomarkers of drug resistance. However, much work is still needed to elucidate the specific details of EV properties, standardize isolation techniques and diagnostic protocols ( Fig. 1 ).
EVs are created in the membrane budding process in a variety of cell types however, more frequently, in tumor cells. The analysis of EVs isolated from selected tumor types is presented in Table 1 . It has been found that EVs contain various cancer markers such as tumor suppressors, phosphoproteins, surface antigens and proteases [25] , oncogenic epidermal growth factor receptor, microRNAs [26] etc. and that the function of the original cell can be extrapolated by examining EV composition. EVs offer a dual potential as diagnostic tools as well as therapeutic agents for cancer treatment. They can be utilized for early detection of diseases, the monitoring of therapeutic responses, and the targeted delivery of therapeutic agents, offering a non-invasive means to assess cancer initiation, progression and treatment outcomes [1] .
An example of recent research demonstrates that tumors of various origin and various clinical outcomes can be classified by their micro RNA (miRNA) profiles, of which over 700 have been identified in the human genome [27] . miRNA profiling has already been used to determine whether Ovarian Malignant vesicles stimulated invasion; the combination of ovarian cancer cells and membrane vesicles resulted in greater uPA activation; vesicles from malignant ascites were also found to contain activated MMP-2, MMP-9, and uPA.
[30]
Ovarian Higher levels of miRNAs correlated with advanced ovarian cancer.
[31]
Breast MicroRNA-200 family is enriched in the serum of patients with metastatic cancers.
[32]
Breast
The expression of transient receptor potential channel 5 (TrpC5) proteins was high in the tumor.
[33]
Prostate
The concentration of EVs was higher in the cancer patients than in the healthy controls; EVs derived from prostate cancer cell lines carry different gDNA content.
[34]
Colorectal SW620 EVs-enriched proteins overexpressed in metastatic colorectal cancer cells. [35] Hepatocellular Long non-coding RNA enriched within extracellular vesicles derived from tumor cells.
[36]
Bladder Different expression of epithelialemesenchymal transition (EMT) factors in metastatic and nonmetastatic human bladder carcinoma cells.
[37]
Pancreatic Glypican-1 (GPC1) enriched on cancer-cellderived exosomes.
[38]
Lung
Microvesicles derived from activated platelets induce metastasis and angiogenesis in lung cancer.
[39]
The role of membrane vesiculation and encapsulation in cancer diagnosis and therapy patients with chronic lymphocytic leukemia have slow-growing or aggressive forms of cancer [28] , while plasma samples collected from patients with early (stage II) colorectal cancer could be distinguished from those of healthy gender-matched and age-matched volunteers [29] . Differentiation of various EVs found in body fluids could potentially lead to an alternative forms of disease identifying, as blood assessment is much less invasive than current methods of diagnosing malignancies. It is possible to consider vesiculation of EVs as a process that is determined by lipid membrane transformation induced through curvature and membrane constituents. Considering the symmetry of membrane constituents, it is found that cell shape and budding follows energetically favorable configurations in regions where strong curvature anisotropy is present. Remarkably, these theoretical predictions are supported by experimental evidence, both in living cells [40] or artificially produced exosomes [41] .
The fluid mosaic model of the membrane
In 1972, Singer and Nicolson proposed a fluid mosaic model of the membrane, viewing it generally as a lipid bilayer with embedded proteins and large molecules [42] . Physically, such a model considers the phospholipid bilayer as a two-dimensional laterally isotropic liquid, with proteins and other larger molecules free to move within it. Many experiments in the last decades have established the fluid mosaic model as the standard description of the cell membrane. In the late 1990s, this model was advanced including also lateral inhomogeneities in the membrane matrix. In the two-dimensional liquid membrane phase micro-domains of specific composition called membrane rafts were envisioned, which are small (10e200 nm), dynamic structures with an increased concentration of cholesterol and sphingolipids (see Ref. [43] and therein). Membrane rafts are, from a biochemical point of view, structures which resist solvation by detergents at low temperatures. Within the biophysical view, interactions between the highly saturated acids impose increased orientational ordering. Fatty acids within the rafts have limited mobility with respect to the unsaturated fatty acids in other parts of the membrane. Dynamic accumulation of specific membrane constituents in rafts regulates the spatial and temporal dependence of signalization and transport.
There is a mutual dependence between structure and shape of membranes. Membrane constituents create the membrane geometry by laterally moving to membrane locations with favorable local curvature [44e46]. Membrane curvature is thus determined by the shape of the membrane constituents (rafts) and their interactions. The curvature of rafts is determined by the accumulation of a specific type of constituent and may be different from the curvature of the surrounding more fluid membrane. Considering this interdependence, the fluid mosaic model can be further modified.
A simple model of cell plasma vesiculation poses that the shape of a cytoskeleton-free membrane segment is driven toward the shape of its maximal difference of two membrane layer areas. This is possible by the rearrangement of laterally mobile membrane molecules that due to their geometrical shapes favor a certain local membrane curvature. Observations indicate that membranes of released vesicles differ in composition to their parent cells, indicating that the rearrangement of membrane constituents occurs during budding [47] . Vesiculation can therefore be thought of as a process by which the cell membrane loses some substances. Spontaneous and continuous budding and vesiculation of cancer cells therefore alters the original cell's function while also changing the number of its components [48] .
Anisotropic orientational ordering and topological defects
Within the fluid mosaic model, biological membranes often exhibit some kind of in-plane orientational order [49e51], which could occur due to anisotropic shape of membrane components, for example anisotropic proteins or lipids [52e58]. Typical representative of such membrane inclusions are for example anisotropic banana-like shaped BAR protein domains [59] , which may, due to their nematic in-plane ordering [60] , stabilize thin tubular membrane protrusions [61e63]. In highly curved parts of the membrane, orientational order can locally arise from the alignment of these anisotropic components [51, 64] . Membrane orientational ordering has been observed also in giant unilamellar vesicles al low temperatures where lipid molecules are in the gel or in some other ordered phase [65] . Orientational order in membranes may occur also due to chiral membrane constituents [66, 67] or due to self-organized filament networks [68] . Lipid bilayer, which is the main building block of biological membranes, is basically a thin liquid crystal film [49, 69] . In-plane orientational ordering in membranes could occur also due to the tilt of lipid chains [67, 70, 71] relative to the surface normal. Tilted lipid bilayers tend to have both tilt and hexatic order [72] . Hexatic tilt order in lipid bilayers can possibly rationalize the textures observed in gel domains [73] . Orientational ordering in hexatic membranes has been experimentally observed [73] , proving the concept of anisotropic membrane elasticity and orientational ordering of membrane components [74] . In biological membranes possessing tangential (in-plane) orientational ordering, topological defects are often present. In such membranes, topological defects are in most cases unavoidable due to topological reasons [75, 76] . Topological defects correspond to localized distortions in a relevant order parameter field. They are a source of relatively large local elastic penalties and they cannot be removed by local continuous transformations. At the origin of topological defects, the ordering field is melted [77, 78] . Therefore, presence of topological defects might have a strong impact of systems properties. Topological defects might for example serve as nucleating sites for anomalous membrane structural growth [79] . In biological membranes possessing orientational order, membrane configurations could be affected by the presence of topological defects [49] . Topological defects could for example trigger significant biological processes, such as cell fission [80] . Furthermore, local membrane shape can be altered due to spontaneous aggregation of curvature-inducing nematogens even at low concentrations [81] . It was shown that the coupling between in-plane nematic order and membrane curvature on deformable membrane surfaces can lead to generation of point and line topological defects, which leads to the production of membrane tubes and branches [82, 83] .
In the following model, we will demonstrate that for appropriate conditions, topological defects might trigger the pinching-off of a spherical bud from the parent membrane (membrane fission) in membranes exhibiting in-plane nematic ordering. To demonstrate such a vesiculation process, we use a simple mesoscopic minimal model, which treats membranes as effectively two-dimensional (2D) systems [49, 52, 69] . Namely, membrane thickness is in general relatively small with respect to system's typical linear dimension. We take into account also in-plane nematic-like ordering in the membrane. We will study the impact of membrane curvature on the number and position of topological defects. Analogous systems represent nematic liquid crystalline shells, which are of great interest due to their potential for various future photonic applications [75,84e87].
Theoretical modeling of membrane vesiculation
We model a membrane as a homogeneous two-dimensional film (fluid) exhibiting in-plane nematic ordering. To mathematically describe the local shape of the membrane surface, we introduce a curvature tensor [69, 75, 88, 89] :
(1)
where unit vectors e 1 and e 2 determine the directions of maximal and minimal surface curvature and C 1 and C 2 are the corresponding principal curvatures. Note that the Gaussian curvature
where Det and Tr label the determinant and trace mathematical operation [90] .
To describe the bending energy density of a membrane, we use the Helfrich's isotropic spontaneous curvature model [69,91e95] :
where k is the membrane bending modulus, k the saddle-splay modulus and C 0 the spontaneous curvature of the membrane surface. For a fixed surface topology, the second term in Eq. (2), integrated over the whole membrane surface, is a constant [76] . Therefore, k is arguably one of the most important quantities characterizing lipid membranes [96e98]. Different experimental and computational measurements of the bending modulus k are discussed in Refs.
[96e98]. Note that Eq. (2) is a limiting case of a more general model for membrane bending energy, which takes into account also the anisotropic properties of different membrane components [46, 99] . Membrane orientational ordering is studied within a simple 2D Landaude Gennes type model, where the degree of ordering is represented by the tensor order parameter [75, 89] :
here, n and n t are the eigenvectors of Q corresponding to the eigenvalues l and el [74] . In this parametrization, n represents the nematic director field, which exhibits head-to-tail invariance, where jnj ¼ 1 and states AEn are physically equivalent [77] . Locally, the normal orientation of the membrane is determined by v ¼ n Â n t . In Eq. (3), the amplitude l represents the degree of orientational order and is bound to lie on an interval l˛½0; 1=2. The upper bound l ¼ 1=2 corresponds to the maximal degree of order, where molecules are rigidly aligned along n. On the other hand, the orientational order is lost when l ¼ 0. Therefore, the points on the surface exhibiting l ¼ 0 usually reveal the locations of topological defects, since at the core of topological defects the nematic director is not defined [74, 75, 90] .
We express the free energy density associated with nematic in-plane ordering in the membrane in terms of invariants of C and Q, where the orientational condensation term f c and orientational elastic term f e are given by Refs. [75, 89, 90] :
In the nematic phase, the condensation term (Eq. 4) enforces the equilibrium nematic ordering amplitude l 0 ¼ ffiffiffiffiffiffiffiffi a=b p , where a and b are positive material constants [90] . The orientational (anisotropic) elastic term (Eq. 5) is weighted by positive intrinsic k i and extrinsic (deviatoric) k e elastic constants [50,51,100e105] . In Eq. (5), V s ¼ ðI À v5vÞV stands for the surface gradient operator, where V represents 3D gradient operator and I is the identity matrix [75] . In this work, we will take into account only the impact of intrinsic elastic term k i on orientational ordering within biological membranes exhibiting nematic ordering. The characteristic material dependent length of the model is estimated by the nematic order correlation length, which can be expressed as [75, 90] :
The free energy functional of the membrane exhibiting nematic ordering is written as an integral of the sum of the membrane isotropic bending energy (Eq. 2), the orientational condensation term (Eq. 4) and the orientational elastic term (Eq. 5) [75, 89, 90] :
where d 2 r is an infinitesimal element of the membrane surface and the integration is carried out over the whole membrane surface z. In Eq. (7), we took into account only the most essential terms needed to describe the vesiculation process.
In the simulations presented in this review, we consider closed axisymmetric shapes exhibiting inversion symmetry. To generate such shapes, we define the shell profile curve, which is then rotated about the z-axis by an angle of 4 ¼ 2p. In the Cartesian coordinates (e x ; e y ; e z ), the position vector of a generic point on an axisymmetric surface is given as [88, 90] :
where rðsÞ and zðsÞ are variational parameters defining the coordinates of the profile curve in the ðx;zÞ-plane, s stands for the arc length of the profile curve, and 4 is the azimuthal angle (see also Fig. 2 ). Equilibrium membrane configurations (shapes and orientational ordering profiles) are determined by minimizing the total free energy (Eq. 7) for fixed values of membrane surface and volume. Further numerical details are described in Refs. [90, 106, 107] .
Membrane fission processes can also be described within our theoretical model. We will demonstrate key stages of the topological defect driven vesiculation. An important geometrical parameter defining closed membrane shapes is their reduced volume v ¼ V =V 0 , where V stands for the volume of a closed membrane shape, and V 0 is the volume of a spherical membrane of the same surface area and radius R [74] . Note that R represents a typical dimension of a shape, therefore, all lengths in the model are scaled with respect to R. In our simulations, we assume that a closed membrane shape undergoes a shape transformation from a prolate shape (Fig. 3A) to the shape with a thin neck ( Fig. 3B and C). We enable this transformation by increasing the spontaneous curvature of the membrane C 0 (see Eq. 2). Spontaneous curvature is correlated to the curvature preferred by the membrane. In our simulations, C 0 is a dimensionless quantity scaled with respect to the typical linear dimension of the investigated closed surface R. Therefore, increasing C 0 can be seen as increasing the size of a closed membrane shape while keeping the non-scaled value of C 0 constant. With increasing the value of C 0 we actually simulate membrane growth (see Fig. 3 ).
Color plots in Fig. 3 and Fig. 4 represent the nematic ordering amplitude. At the core of topological defects, the nematic order is lost [75, 88, 90] . Therefore, topological defects are located at the points on the surface exhibiting l ¼ 0, which are marked with red color in Fig. 3 and Fig. 4 . In Fig. 4 , nematic ordering amplitude and nematic director field are shown in the ð4; sÞ plane where the positions of topological defects are clearly visible. According to the Gauss-Bonnet and Poincaré-Hopf theorems, topological defects are unavoidably formed on closed surfaces with spherical topology, where the total topological charge is given by m tot ¼ 2 [76, 78] . In 2D systems, topological charge is equivalent to the winding number, which is calculated as the total rotation of the orientational field divided by 2p on encircling the defect core counter clockwise [75, 78, 108] .
Prolate shape ( Fig. 3A and Fig. 4A ) hosts four topological defects, which are located near the poles, where Gaussian curvature is relatively high. Each topological defect has a charge of m ¼ 1=2, therefore, the total topological charge of the surface m tot ¼ 2, which is in agreement with the Gauss-Bonnet and Poincaré-Hopf theorems [76, 78] . On increasing the spontaneous curvature C 0 of the membrane (which is equivalent to increasing the size of the closed surface at the constant value of non-scaled C 0 ), membrane shape transforms into the shape with a thin neck between two spherical parts ( Fig. 3B ). Such a shape hosts six topological defects of charge m ¼ 1=2 and two topological antidefects of charge m ¼ À1=2 ( Fig. 3B and Fig. 4B ), which gives m tot ¼ 2. Topological defects are located at two spherical parts with positive Gaussian curvature, while the two antidefects are located within the neck, which exhibits negative Gaussian curvature ( Fig. 3B and Fig. 4B ). It was established that positive (negative) Gaussian curvature acts as an attractor for topological defects (antidefects) [79, 90] . On further increasing C 0 , the neck between the spherical parts becomes even thinner ( Fig. 3C ), which gives rise to the formation of additional pairs (defect, antidefect). Configuration on Fig. 3C and Fig. 4C possesses eight m ¼ 1=2 topological defects (located at two spherical parts) and four m ¼ À 1=2 antidefects (located at the neck), yielding m tot ¼ 2. Note that the free energy of the structure shown in Fig. 3C and Fig. 4C is metastable with respect to the structure possessing six m ¼ 1=2 and two m ¼ À1=2 antidefects. Nevertheless, it is clear that on increasing C 0 , antidefects are assembling within the neck of the closed membrane shape.
Topological defects are a source of large local elastic penalties. At the core of topological defects, the ordering field is melted and the degree of nematic ordering is relatively weak [77, 78] . In our case, four topological antidefects are assembled within a relatively small neck region of the membrane ( Fig. 3C and Fig. 4C ). Consequently, local interactions between neighboring molecules within the neck are weakened, which might result in the neck rupture, leading to the fission (vesiculation) process [79] . In such a process, two distinct closed membranes are formed (see Fig. 3D ).
The final system (two spherical membranes) generally exhibits lower or the same membrane bending energy (Eq. 2) than the previous system ( Fig. 3C ). Spherical membranes (Fig. 3D ) both host four m ¼ 1=2 topological defects. Ordering profile on the bigger (lower) spherical membrane in Fig. 3D is plotted in Fig. 4D . Ordering profile on the smaller (upper) spherical membrane in Fig. 3D is similar, only defect cores are larger with respect to the shape size. This mechanism explains a possible membrane fission realization by taking into account the membrane elasticity theory and membrane orientational in-plane ordering.
We demonstrated a possible mechanism of membrane fission (vesiculation). Closed membrane shapes exhibiting spherical topology and in-plane ordering unavoidably possess topological defects [75, 76] . In such membranes, regions with negative Gaussian curvature (narrow necks) could trigger the formation of pairs (defect, antidefect) [90] . We showed that antidefects assemble in the neck region of the membrane (Fig. 3B and C) . Antidefects in the narrow neck induce relatively strong local fluctuations in orientational ordering, which weaken local intermolecular interactions. Consequently, this effect could enable rupture of the initial membrane into two independent closed membranes ( Fig. 3) . Other possible membrane vesiculation mechanisms, for example the effect of area-difference elasticity and the effect of coupling of local lipid composition to Gaussian curvature are discussed in Refs. [109e111] . Note that in this contribution, we took into account only the so-called intrinsic term (see Eq. 5). In general, extrinsic (deviatoric) curvature terms are also present [50,51,100e105 ]. The extrinsic term (see Eq. 5) favors orientational ordering along the principal curvature direction with smaller curvature [90] . For the shapes considered in this review, the contribution of the extrinsic term would be largest within the neck region. The existence of in-plane ordering within narrow membrane necks was studied also within the so-called deviatoric elasticity model, which considers membranes with anisotropic components [51, 112] . In these studies, it was established that the orientational ordering is increased within the neck, which implies that topological defects would assemble just above the neck, which does not qualitatively change the proposed membrane fission mechanism.
Biocompatible nanostructured materials for cancer diagnostic and therapy
Current cancer therapies are limited to surgery, radiation and chemotherapy. As all three methods risk damage to normal tissues or incomplete eradication of the cancer, it would be desirable to develop therapeutics that can either passively or actively target cancerous cells in their entirety. Nanomedicine is recently opening new avenues for cancer treatment with promise of significant breakthroughs in its diagnosis and monitoring [113] .
In the past two decades, several therapeutics based on nanoparticles (NPs) in the size range 1e1000 nm have been successfully introduced for the treatment of cancer. It is anticipated that nanomaterials, which are molecular assemblies of functional chemistries, will be able to overcome biological barriers, accumulate in tumors and specifically recognize single cancer cells for detection and treatment [114] . These endeavors have led to experimenting with different types of nanomaterials with unique physical and chemical properties. However, in order for nanomaterials to be practical in clinical applications, the need for NPs to be multifunctional is immense and represents the epicenter of NP-treatment research [115] . Nowadays, design and development of multifunctional NPs e those that can perform many functions at once or sequentially, as needed e is one of the most important tasks in cancer research [116] . In the past few years different varieties of multifunctional NPs have been developed, however, clinical application of most of them is limited due to their unwanted instability and cytotoxicity [115] .
A combined approach which integrates therapeutics and diagnostics e commonly referred to as theranostics e is a new technological strategy to develop personalized cancer treatments with enhanced efficiency and safety [117] . Successful clinical applications of cancer theranostics require the discovery of tumor-homing multifunctional NPs, which can diagnose and deliver targeted therapy.
Photoactive nanoparticles for cancer treatment applications
With the progress of nanotechnology and nanomedicine in recent years, a new generation of engineered semiconducting nanomaterials have shown great promise as photosensitizers in photodynamic therapies (PDTs). The most important prerequisite for these materials is their capacity for reactive oxygen species (ROSs) generation at exposure to light [118] . It has been demonstrated that several photoactive inorganic semiconducting nanomaterials such as ZnO, TiO 2 , Fe 2 O 3 , etc., can photo-generate ROS under illumination [119] . Among different semiconductors, titanium dioxide (TiO 2 ) is the most suitable photocatalytic material due to its high capacity for ROS photo-generation [120] . Titanium dioxide has been extensively studied for a number of versatile technological applications due to its inherent unique properties such as high chemical stability over a wide range of pH values, low cost, photo-activity, and excellent biocompatibility. Some applications of TiO 2 are in dye-sanitized solar cells, perovskite solar cells, air and water purification, antibacterial coating and photo-electrochemical water splitting. Recently, TiO 2 nanomaterials have been considered as a promising candidate in PDT as photosensitizer due to high potential for ROS photo-generation at exposure to UV-A, and biocompatibility in sub-illuminated conditions [121e123]. It has been reported that various ROS, such as superoxide (O 2 ), singlet oxygen ( 1 O 2 ), hydroxyl radical ( • OH), hydroperoxyl radical (HO 2 ), and hydrogen peroxide (H 2 O 2 ) are generated in a photocatalytic reactions on the TiO 2 surface upon light irradiation in aqueous solutions [124] . The photocatalysis of TiO 2 generally involves four stages: (i) generation of electrons and holes by photoexcitation; (ii) migration of the photo-generated charge carriers to the surface; (iii) subsequent reduction/oxidization of the adsorbed reactants, either directly by electrons/holes or indirectly by ROS; and (iv) recombination of the photo-generated electron-hole pairs. The desired photocatalysts are expected to promote processes (i), (ii), and (iii), and suppress process (iv) [125] . Fig. 5 schematically shows the photocatalytic reactions of TiO 2 under UV-A irradiation for ROS photo-generation [126] . The photo-killing activity of TiO 2 to malignant cells was first reported on a TiO 2 film electrode by Fujishima et al. [128] . Considering that the electrode system is not the most appropriate configuration for such application, water-soluble particulated TiO 2 e which could cover a larger effective surface area and can be incorporated inside cells e was applied for this purpose [129] . Under different experimental conditions using UV-A irradiation, various research groups demonstrated in vitro the phototoxic effect of TiO 2 nanoparticles (NPs) on a series of human cancer cells such as cervical cancer cells (HeLas) [130] , bladder cancer cells (T24) [131] , monocytic leukemia cells (U937) [132] , adenocarcinoma cells (SPC-A1) [133] , colon carcinoma cells (Ls-174-t) [134] , breast epithelial cancer cells (MCF-7, MDA-MB-468) [135] , glioma cells (U87) [136] and human hepatoma cells (Bel 7402) [137] . In the past decade, much research was dedicated to the photocatalytic destruction of cancerous cells with TiO 2 nanomaterials in vitro as well as in vivo, yet the practical use of TiO 2 as a photosensitizer in PDT for cancer destruction is still far from being put into practice [128, 138, 139] . [127] .
The role of membrane vesiculation and encapsulation in cancer diagnosis and therapy
The amount of photo-generated ROS by photosensitizer (exemplified here by TiO 2 ) represents an important factor in the photodynamic treatment of cancer cells. Any material used as a photosensitizer in PDT for cancer destruction should have the ability to photo-generate ROS in excess, well above the critical levels of ROS inside the cancer cells [140] . Therefore, the first step toward the practical use of TiO 2 as a photosensitizer in PDT for cancer destruction is the design of special types of water-soluble TiO 2 nanostructures with a high ROS photo-generation ability. Also important are photo-activation and a high degree of biocompatibility in the absence of light. It has been demonstrated that the geometry of TiO 2 NPs has a significant effect on their ROS photo-generation capacity. In particularly, the ROS photo-generation capacity is heavily dependent upon the surface chemical structure (the surface atomic arrangement and coordination) and topography, especially when particle size or nanostructured particle surface is reduced to the nanometer length scale, leading to a large specific surface area [141] . Based on this conviction, Seo et al. [142] successfully fabricated water-soluble TiO 2 NPs via a high-temperature non-hydrolytic method. When exposed to UV-A irradiation, these rod-shaped NPs (3.5 nm in diameter and 10.4 nm in length), exhibited higher photo-toxicity on human melanoma cells (A375) compared to commercially available Degussa P25 NPs [142] . With the aim of exploring the effects of nano-architecture on the control of intracellular ROS photo-generation and biocompatibility, a new type of particulated mesoporous TiO 2 microbeads (TiO 2 MBs), with a size greater than 100 nm, has been developed [143, 144] . The TiO 2 MBs were synthesized via the solvothermal method; obtained MBs were monodispersed spheres with a diameter of 500 AE 50 nm and comparatively rough surfaces (Fig. 6) [145] .
Judging from X-ray diffraction (XRD) experiments, the TiO 2 MBs exhibited very high crystallinity in the anatase phase [144] . The uniform contrast of the transmission electron microscopy (TEM) image from the edge to the center of a single sphere indicated that the entire TiO 2 MBs was composed of self-organized TiO 2 nanocrystals (constituent nanocrystals of MBs) with a high surface area and porosity ( Fig. 7B and C) [146] . The constituent nanocrystals with different shapes adopted random orientations (Fig. 7DeF) [146] , while a close examination of a single TiO 2 constituent nanocrystal by high-resolution TEM showed that they were completely crystalline along their entire lengths with the visible crystal lattice fringes.
Photocatalytic activity of TiO 2 MBs was evaluated in both biological environments for cancer cell destruction and out of the biological environments for directly oxidizing organic molecules [147] . Out of the biological environment and in identical experimental conditions, the photocatalytic activity of TiO 2 MBs was more than twice in comparison to commercial TiO 2 (P25 NPs) used for oxidization of 1,5-diphenyl carbazide (DPCI) to 1,5-diphenylcarbazone (DPCO). In the absence of irradiation the cytotoxicity of TiO 2 MBs was assessed on a variety of normal and cancerous cells: healthy porcine urothelial cells (NPU), human lowgrade urothelial cancer cells (RT4), human high-grade urothelial cancer cells (T24), prostate cancer cells (PC3s) and healthy embryonic fibroblast cells (MEF). In vitro cytotoxicity results showed the TiO 2 MBs, unlike TiO 2 nanoparticles, are exceptionally biocompatible with all type of tested cells in the absence of irradiation [131, 147, 148] . Based on numerous examples provided by Wiesner's group, the optimal safe size was shown to be around 100 nm, below which atypical surface reactivity arises and causes usual nanoscale toxicity [149] . The high degree of biocompatibility of TiO 2 MBs in the absence of irradiation might be attributed to the size and architecture of MBs. Under identical photo-activation, TiO 2 MBs showed higher photocatalytic activity for prostate cancer cells (PC3s) destruction compared to TiO 2 NPs. Upon on/off-switchable photo-activation with UV-A, the TiO 2 MBs had delivered significant anticancer effects by enhancing the intracellular ROS level and thus reducing the survival of cancer cells by at least six times more than TiO 2 NPs [147] . An efficient method for full removal of high-grade urothelial cancer cells based on TiO 2 MBs photocatalysis was proposed by Imani et al. [131] . In clinical practice the main problem in treating bladder cancer is not how to eliminate the main population of cancer cells, but rather the accessibility of drugs to the remaining cancer cells, as they represent seeds for new urothelial tumors [150, 151] . With conventional cancer treatments, the remaining cancer cells are kept within healthy urothelial tissue, where they are protected from chemotherapeutic drugs by the tight blood-urine barrier provided by healthy urothelial cells (Fig. 8A) [131] . Such persisting cancer cells are thought to be responsible for the relapse of bladder tumors [150, 152] . In order to nullify these hidden cancer cells, an essential prerequisite in the first step is to remove the superficial layer of differentiated urothelial cells (umbrella cells; see Fig. 8B ) [131] . To overcome this problem, Imani, and et al., have proposed a combination of 1 min UV-C pre-treatment to remove the superficial layer of differentiated urothelial cells and TiO 2 MBs photocatalytic treatment for destruction of hidden cancer cells. In the suggested method, high-grade urothelial cancer cells (T24) were subjected to UV-C irradiation for 1 min, successfully removing superficial cells, while longer wavelengths (e.g., UV-A) failed to remove these cells [131] . In the second step, the biocompatible TiO 2 MBs were introduced into high-grade urothelial cancer cells to be internalized (Fig. 8C) [131] . Next, the urothelial cancer cells containing TiO 2 MBs were exposed to irradiation. Since the energy for ROS photo-generation through TiO 2 MBs photocatalysis for UV-A is lower than the one needed for the removal of umbrella cells (UV-C), one might reduce the intensity of UV-C irradiation to harm only cancer cells or use only UV-A irradiation [131] . Finally, the regeneration and differentiation of the remaining healthy urothelial cells could restore the urothelium and its blood-urine barrier function (Fig. 8F) [131] . A remarkably rapid regeneration of the urothelial tissue was observed within the hour, preventing unfavorable effects of barrier removal and the potential toxic effects on regenerating healthy cells, caused by UV-C irradiation [131] . It is thus possible this strategy could selectively kill cancer cells containing TiO 2 MBs, but preserve healthy cells in the urothelium [131] . It has been proven that less differentiated cells have a highly increased potential for endocytosis in comparison to normal urothelial cells, giving a strong emphasis on the selectivity of this suggested treatment [153] . Furthermore, the enhanced phototoxicity of UV-C irradiation in cells that have endocytosed TiO 2 MBs works in favor of the selective treatment of exposed cancer cells after the removal of the umbrella cell shield by UV-C irradiation ( Fig. 8D and E) [131] .
It is of great importance that the increased ROS generation all over the body is avoided to prevent damage to healthy cells. In this regard, the monitoring and tracking of TiO 2 MBs concentrations in cell tissues around the cancerous cells before and during irradiation are vital [154, 155] . Unfortunately, TiO 2 alone does not have any useful properties to be monitored directly inside the body. Furthermore, any modifications with appropriate surface-capping ligands would reduce its ROS photo-generation efficiency [156] . The future implementations of TiO 2 MBs in photodynamic therapies therefore depend heavily on modification of TiO 2 MBs to gain multifunctional particles with maximum imaging and therapeutic capacities. This feat entails a compromise between ROS photo-generation, endocytosis, and low toxicity to surrounding healthy cells. The addition of imaging agents into TiO 2 MBs, such as various contrasts, is crucial for ensuring reliable particle tracking and delivery. Among different imaging methods, optical imaging (OI) has the greatest resolution for visualizing subcellular structures [157] , while magnetic resonance imaging (MRI) has the advantage of being minimally invasive and can be used to obtain clear contrast for many soft tissues [158] . The combination of MRI and OI in one MRIeOI probe is thus a useful tool for medical imaging, and combined MRIeOI agents have great application potential in selective tumor labeling for oncological diagnosis and surgery [159] . In the past decade, different types of nanocompounds as imaging agents have been developed [160] . Among these imaging agents the lanthanide nanocompounds (often collectively known as the rare earth (RE) elements) have attracted considerable attention as medical imaging probes [161] , in particular gadolinium (Gd) compounds. Paramagnetic gadolinium (III) ions (Gd 3þ ) contain seven unpaired electrons that can efficiently alter the relaxation time of surrounding water protons and have been widely used in routine clinical imaging as MRI contrast agents in hospitals [162] . Many efforts have been devoted to explore TiO 2 based phosphors with various RE dopants [163] . Based on these concepts, scientists have speculated that with the proper incorporation of Gd (RE elements) to TiO 2 lattice structure, titania with MRI-OI functionality could be obtained.
Recently, Imani et al. reported on gadolinium-doped TiO 2 nanobeads (TiO 2 @Gd NBs) that exhibit simultaneous OI-MRI properties as well as enhanced ROS photo-generation capacities [8] . Multifunctional TiO 2 @ xGd NBs (here, x denotes the gadolinium molar ratio: 0, 5, 10, 15, 20%) were synthesized via a solvothermal method that was similar to the procedure used in the production of TiO 2 MBs. The only difference in the process was the addition of dopant gadolinium (III) nitrate hexahydrate to the precursor solution. Morphological and structural characterization of these TiO 2 @xGd NBs revealed the formation of monodispersed mesoporous spheres in anatase phase only for un-doped TiO 2 NBs, TiO 2 @5%Gd NBs, and TiO 2 @10%Gd NBs ( Fig. 9 ) [8] .
A comparative study of photocatalytic activities and imaging functionality of TiO 2 @xGd NBs and commercial P25 has been conducted by Imani et al., to explore how nanoscale doping switches the ROS photo-generation and imaging functionality of TiO 2 @xGd NBs. The results of photocatalytic experiments demonstrated that ROS photo-generation capacities of TiO 2 @ xGd NBs doped with low concentrations of Gd (5% Gd and 10% Gd) were significantly increased compared to un-doped TiO 2 NBs and P25. Highest photocatalytic activity was observed for TiO 2 @10%Gd. Increase in doping concentrations (15% and 20% Gd) significantly reduced the ROS photogeneration capacities, even in comparison to undoped TiO 2 NBs and P25 [164] . These findings indicate that only TiO 2 @xGd NBs doped with low concentrations of Gd (5% Gd and 10% Gd) are promising photosensitizer agents in PDT for destruction of cancer cells. According to photoluminescence (PL) spectroscopy results, all of the doped TiO 2 @xGd NBs exhibited red emission at 637 nm upon UV excitation that is beneficial for OI. An increase in Gd doping resulted in an increased emission intensity and decreased photocatalytic activity with maximum emission observed at TiO 2 @15%Gd [165] . To investigate how Gd 3þ doped TiO 2 NBs would function as a contrast agent in MRI, the relaxation times (T 1 , T 2 ) of TiO 2 @xGd NBs were measured in a static magnetic field at 400 MHz. Both the spinelattice relaxation time (T 1 ) and the spinespin relaxation time (T 2 ) were shortened for Gd 3þ -doped TiO 2 NBs in comparison with un-doped TiO 2 NBs. Moreover, relaxation rates R 1 ¼ 1/T 1 and R 2 ¼ 1/ T 2 expressed as millimolar relaxivities r 1 and r 2 were increased significantly with increased Gd amount and highest relaxivity was recorded for TiO 2 @15%Gd NBs, same as for PL emission. The relaxivity recorded for the TiO 2 @15%Gd NBs was surprisingly high (r 2 ¼ 126 mm À1 s À1 ) compared to a commonly available contrast agent, and thus showed promising clinical use. The T 1 shortening effect of TiO 2 @10% Gd NBs was moderate (r 1 ¼ 4.7 mm À1 s À1 ); however, T 2 shortening effect of this sample was high (r 2 ¼ 80 mm À1 s À1 ), where r 2 relaxivity of TiO 2 @10% Gd NBs was even a few times greater than for clinically available contrast agents [158] .
In vitro cytotoxicity of TiO 2 @xGd NBs added to MG-63 cells in the absence of irradiation was tested and the cell viability results confirmed that TiO 2 @xGd NBs are fully biocompatible for all tested concentrations [8, 145] . Furthermore, in vitro test results showed that attachment to cell surfaces and internalization was greater for TiO 2 @xGd NBs in comparison with un-doped TiO 2 NBs (Fig. 10) [8] . In cancer treatment, cellular internalization of anticancer-imaging agents is an important requirement for effective and safe PDT with a selective delivery of anticancer-imaging agents into cancerous cells [166] . Multifunctional TiO 2 @xGd NBs showed significant cellular internalization and passive accumulation inside cancerous cells, demonstrating a possible method for selective ROS photo-generation inside cancerous cells without damage to healthy cells.
In addition, in vitro tests were performed where MG-63 cells incubated with TiO 2 @xGd NBs were irradiated with UV-A for varying amounts of time. Viability test result showed that just after 3 min of irradiation, TiO 2 @xGd NBs delivered their ROS photo-generation potential for removal of all cancerous cells. After 3 min of UV-A irradiation, architectural TiO 2 @10%Gd NBs e compared to un-doped TiO 2 NBs and TiO 2 @5%Gd NBs e demonstrated highest anticancer effects by enhancing the intracellular ROS level and reducing the survival of MG-63 cells (Fig. 11 ) [8] .
According to research results by Imani et al., TiO 2 @10%Gd NBs could be introduced as a promising platform for simultaneous cancer cell imaging and treatment by PDT. The TiO 2 @10%Gd NBs form a fully biocompatible system for OI-MRI and selective ROS photo-generation inside the cancer cells, providing impressive multifunctionality and allowing simultaneous OI-MRI and PDT without the need to compromise the advantages of either component. Furthermore, TiO 2 @10%Gd NBs showed significant cellular internalization and passive accumulation inside cancerous cells, providing a safe manner for selective ROS generation inside the cancerous cells without collateral damage to healthy cells.
However, if medical imaging capabilities PDT are needed, the TiO 2 @ 15%Gd NBs with maximized PL intensity, quite high T 1 shortening effect and relaxivity being a few times greater than in commercial materials would be promising for use as efficient and fully biocompatible OI-MRI contrast agent [158] . 
Nanoparticle encapsulation
It has been demonstrated cellular internalization directly is linked to physical properties of the cell membrane [9] , and precise tailoring of physical properties of cell membrane is essential for development of multifunctional particles with selective internalization in cancerous cell. The cellular internalization usually consists of two processes, adsorption on the membrane, and internalization by endocytic or non-endocytic (diffusion through membrane) pathways [167] .
NBs and macromolecules are usually taken up into cells through endocytosis, which is thought as a fundamental and energy costing process. When NBs adsorbs on a flexible membrane due to a local adhesion potential, the membrane deforms and wraps around the NBs and consequently engulf the Figure 11 Cell viability of MG-63 cells after 1-h exposure to TiO 2 @xGd NBs followed by UV-A radiation and 24-h post-incubation, tested by resazurin assay. Results are presented as the mean (þSD) percentage of untreated, non-radiated control in the experiment performed twice in at least five replica wells. Asterisks in the lower graphs (BeE) denote the significant differences between samples (*p < 0.05; **p < 0.01; ***p < 0.001; Student's t-test). Cell viability between non-radiated samples (0 min) treated with TiO 2 @Gd NBs, did not significantly differ in comparison to untreated control [8] .
NBs [168, 169] . The wrapping of NBs by a membrane is related to the budding of vesicles [170, 171] , and plays an important role is NB internalization. To understand the physics and dynamics of these processes, which all involve elastic membrane deformations, we must understand the physical properties of the cell membrane. It is desirable to have a better understanding of how physical parameters of membrane like bending stiffness, lateral tension or adhesion strength control the wrapping and internalization. Many modern experimental techniques directly probe the physical properties of the cell membrane before and after NP internalization. However, experimentally systematic visualization of dynamic deformation of membrane during NP internalization is to date impossible to observe. Computational methods, including theoretical calculations and computer simulations, on the contrary, may offer precise information for the dynamic deformation of membrane and NP internalization [172] . Since computational methods allow for investigations of these systems at the molecular level, they have great potential for determination of regimes of bending rigidity, surface tension, intrinsic lipid curvature, and effective receptor binding energies that lead to efficient wrapping and maximum endocytosis [9] .
Monte Carlo simulations of particle encapsulation
The theoretical interactions between a cellular membrane and colloidal particles have been studied extensively in the past, simulating various mechanisms of interaction. Deserno and others analyzed the wrapping of colloids by membranes in the presence of a short-ranged adhesive interaction potential [173, 174] . The deformation of an initially flat membrane is in this case determined by both, the bending energy and interfacial tension, predicting a discontinuous transition from a partially to fully wrapped bound state. If the membrane is simulated in a way that includes a mixture of opposite spontaneous curvatures, encapsulation will be aided by local lipid demixing [169] . In another study using a nonlinear Poisson-Boltzmann model of adhering charged proteins, the demixing of binary charged lipids of an initially planar membrane will be induced by the proteins' charge, defining a wrapped transition state only above some critical protein charge [175] . In general, the encapsulating transitions are discontinuous in nature.
Here we review a method utilizing a Monte Carlo approach to electrostatically driven colloid adhesion and wrapping of a charged spherical colloid by a fluid binary vesicle [170] . The surface of the vesicle is randomly triangulated with charges that can move laterally within the lattice. The mobile charges are opposite in sign to the fixed colloid charges and the electrostatic interaction is described by the linear Debye-H€ uckel potential. Interaction of the colloid with the vesicle is optimized by both, changing of shape and charge distribution. A minimal phenomenological model of free energy minimization complements the simulations and correctly predicts the discontinuity of the wrapping transition [170] .
In the Monte Carlo approach the vesicle is represented by a set of N ¼ 1447 vertices that are linked by tethers of flexible length to form a closed, randomly triangulated and self-avoiding network. Membrane fluidity is maintained by flipping bonds within the triangulated network. A single bond flip of the four vertices of two neighboring triangles consists of cutting the tether between two connected vertices and reestablishing it with the previously unconnected two vertices. A Monte Carlo step involves of random bond flips and random perturbations of positions of the vertices in 3D space, allowing for their redistribution for any given vesicle shape. The interaction of the charged colloid with the vesicle is then optimized with respect to both the vesicle shape and distribution of charged vertices. The total energy H of a given microstate of the colloid and vesicle system is given by the sum of their bending and electrostatic energies [170] :
here, the first part of the total energy is the bending energy of the membrane, with k being the bending stiffness and c 1 þ c 2 the sum of the two principal curvatures integrated over the entire surface of the closed vesicle. The second term is the electrostatic contribution of all elementary charges located at direct positions r i and r j . The electrostatic contribution of the colloid is constant and can therefore be omitted. Thermic energy is denoted by kT . In some cases, the mobile charges are assigned a preferred spontaneous curvature, adding another component to the total energy H [170] :
where h denotes the charge of a given vertex corresponding to a lateral area. For a more detailed account of derivations and numerical simulations, see Ref. [170] . The Monte Carlo simulations of microstates are sampled according to the Metropolis algorithm, where the evolution of the system is measured in millions of Monte Carlo steps. One such step consists of separate displacements of each of the N vertices by a random increment in the cube followed by N attempts to flip a randomly chosen bond. The number of charged vertices is given by M.
We can see a number of typical conformations of the vesicle-colloid system in Fig. 12 as obtained by the Monte Carlo simulations in dependence on the number of mobile charges on the vesicle. The figures of Monte Carlo simulations indicate a relation between the degree of wrapping (denoted by the degree of wrapping l; for details, see Ref. [170] ) and charge segregation on the surface of the vesicle. For M ¼ 15, all charges on the vesicle are screened close to the colloid (left snapshot in Fig. 12 ). The colloid is adsorbed to the vesicle despite a small degree of wrapping (l ¼ 0:15). At M ¼ 60, when the charge is about half that of the colloid, we observe total charge segregation and a wrapping parameter l ¼ 0:5. Some charges can escape the warped region of the membrane due to thermal fluctuations. For M ¼ 150, the vesicle charge overcompensates that of the colloid leading to a complete engulfment, as seen in Fig. 12 .
It is found that the number of charged vertices in the wrapping region changes continuously, while the total engulfment of the colloid (endocytosis) is coupled to the lateral separation of the mobile charges on the surface of the vesicle. As is predicted for colloids interacting with the membrane by a short-ranged adhesive potential [173, 174, 176] , the investigated system exhibits a discontinuous wrapping transition from partially to fully wrapped. Decreasing the bending stiffness of the vesicle weakens the wrapping transition. The wrapping transition shifts to smaller ratios of M=N if the charged vertices possess a spontaneous curvature that matches the curvature of the colloid. In the opposite case, however, the wrapping is a continuous process and the preferred shape of the vesicle becomes non-axisymmetric [170] .
The discussed model demonstrates a fundamental process of endocytosis, relevant not only for further studies of cancer treatment of TiO 2 @xGd NBs, but also in viral budding and various biotechnological applications. The spherical colloid in the model represents a charged nanoparticle, while the mobile charge constituent on the membrane surface may simulate lipids, glycolipids or proteins. Investigating the nature of wrapping transitions could potentially lead to an optimization of NB functionality, including its physical properties such as doping, which directly translate to charge distributions within the nanoparticles.
Conclusions
In this review, we revised two emerging mechanisms of cancer diagnostics and treatment, subsequently presenting two respective and rigorous biophysical approaches that aim to improve their understanding.
First, we have looked at the correlations between cancer and extracellular vesicles and went on to discuss the physical modeling of cellular membrane vesiculation within the fluid mosaic model. We have demonstrated that the consideration of anisotropy in biological membranes, characterized by the orientational ordering of membrane rafts with preferable spontaneous curvature, can lead to topological defects, leading to regions of negative Gaussian curvature. These regions of strong orientational ordering form within narrow necks and can potentially lead to the formation of pairs, simulating the budding and separation of extracellular vesicles observed in cells. The model is promising in cancer diagnostics and shows potential use in the mechanisms of biomarkers.
Secondly, we reviewed a recent nanoparticle therapy of gadolinium doped mesoporous TiO 2 nanobeads, which show promise as biomarkers as well as therapeutic agents. The discussed particles have high stability and biocompatibility, while simultaneously providing impressive multifunctional properties for optical and magnetic resonance imaging as well as photodynamic therapy. Through evidence of particle engulfment by the cancerous cells, we have revised a numerical Monte Carlo model of endocytosis that simulates the engulfing of an oppositely charged particle by minimizing the free bending energy and electrostatic potential of a model cell. With the inclusion of laterally mobile charges within the triangulated mesh of the vesicle, we have seen that the wrapping transition depends on the strength of mobile charges. Such insight could lead to functional optimization of nanoparticles for maximum cell intake and therapy purposes.
